We investigated the effect of anxiety on attentional inhibitory control using event-related potentials (ERPs) and measuring the response time. Nineteen participants performed a multi-source interference task; three-digit numbers and emotional faces were used as visual stimuli. The P100 and P300 ERPcomponents and response time values were used to evaluate whether ERP parameters and behavioral responses are associated with increased anxiety. Higher anxiety was associated with a longer latency and reduced amplitude of the P300 component at F3, whereas higher anxiety was associated with a shorter latency and higher amplitude of P300 at F4. The longer P300 latency at F3 was especially related to the response time to the target number with negative-expression faces as distracters.
INTRODUCTION
Existing evidence indicates that high anxiety is often associated with impaired performance in various cognitive tasks [1, 2] . A variety of models have been proposed to account for this deficit [3] . An attentional control theory [1] posits that high anxiety adversely affects central executive functions such as inhibition and attention shifting. The above-mentioned functions play a key role in selfregulation; deficits in the executive functioning are identified as a fundamental component in a variety of developmental psychopathologies, including attention deficit hyperactivity disorder, conduct disorder, and substance abuse [4, 5] . Inhibition is an important regulatory function that uses attentional control to suppress attentional resources directed to task-irrelevant stimuli.
Most research on the effects of anxiety on inhibitory control has compared task performances under low and high distraction conditions [1] . Research on anxiety and inhibitory control is based on several assumptions. First, high anxiety should impair the processing efficiency whether the distracting stimuli are task-irrelevant ones presented by the experimenter or induced by worrying thoughts. Generally, the performance effectiveness can be defined as the quality of performance, and the processing efficiency can be defined as the relationship between the performance effectiveness and spending of resources or efforts. The processing efficiency is high when performance effectiveness is high, while the use of resources is low. Eysenck and Derakshan [6] have suggested that anxiety typically impairs the processing efficiency to a greater extent than the performance effectiveness. Second, the adverse effects of anxiety under distraction conditions are greater when the task-irrelevant stimuli are threatrelated rather than neutral. In several studies, it was suggested that anxious individuals have an attentional bias for threat-related stimuli, and that they have more difficulties in disengaging attention from such stimuli [7] . Further, recent research has demonstrated that anxiety can influence inhibitory control even in the absence of threat [8, 9] .
Assumptions about attentional inhibitory control have been tested to obtain direct estimates of such control using various tasks. Derakshan [10] found, using the antisaccade task [11] that involved the measurement of eye movements, that high-anxiety vs. low-anxiety individuals demonstrated significantly longer antisaccade latencies. Additionally, as was found in other studies, high-anxiety individuals had longer antisaccade latencies in response to the inhibited target. Ansari [12] also found that highly anxious individuals have lower ERP activity in the period prior to onset of the inhibited target on antisaccade trials.
Several studies have also investigated the effects of anxiety on inhibition of attention toward distracting stimuli. As was found [13] , angry facial expressions are detected faster in a crowd of happy expressions, whereas happy face targets were the slowest to be detected in a crowd of angry faces using a visual search task [14] , suggesting that fearmotivated processing may occur more rapidly than non-fear processing. Additionally, Fox [15, 16] found that individuals with a high-anxiety state took a significantly longer time to disengage attention from an angry face compared to those with low anxiety in an emotional spatial-cuing task. Neuroimaging studies also demonstrated that highly trait-anxious individuals showed a reduced prefrontal activity and a slowed target identification response when the task did not fully occupy the attentional resources in a letter-search task [9] . This research suggests that trait anxiety may be linked to reduced activation of the prefrontal attentional control mechanisms that inhibit distracter processing, even when threatrelated stimuli are absent. Taken together, these findings provide evidence for the assumption that anxiety impairs the processing efficiency and inhibitory control.
Neurocognitive models of executive attentional control implicate the lateral prefrontal cortex (PFC), including the dorsolateral and ventrolateral PFCs (DLPFC and VLPFC, respectively), as well as the anterior cingulate cortex (ACC), which are involved in executive attentional control, particularly in the allocation of resources during a conflicting or distracting situations [17] [18] [19] . The involvement of the DLPFC related to attentional control was demonstrated through a task-manipulating response conflict, where task-irrelevant stimuli promote a response required by the current target [20, 21] .
There are many studies where the effects of anxiety on cognitive performance were estimated. However, the data for research assessing the relationship between anxiety and inhibitory attentional control with emotional distracters are scarce. Further, a few studies examined the relationship between anxiety and attentional control using direct measures such as parameters of event-related potentials (ERPs) and functional magnetic resonance imaging (fMRI).
It is important to understand the neural mechanisms involved when anxiety impairs the effective inhibitory control. Previous studies typically examined the processing efficiency using behavioral measures. Accordingly, our present study aimed to address this critical gap in the literature.
We used a modified Multi-Source Interference Task (MSIT, [22] ) to assess attentional inhibitory control related to anxiety. This task is a top-down control task of selective attention, where a target number and a distracter (an image of the emotional facial expression) are presented. In behavioral studies, it was found that faces capture attention more readily than other visual stimuli such as pictures of musical instruments or appliances [23] . In particular, faces displaying a negative affect vs. neutral or happy faces capture attention differentially [24] . Ebner [25] showed that task-irrelevant faces increase the response time in face-unrelated number trials using the MSIT. Task-irrelevant faces also disrupt responses to face-unrelated targets. Thus, we believe that the MSIT is a valid method of assessing attentional inhibitory control because attention is required to select the target number, and inhibition is required to ignore the task-irrelevant face.
The goal of our study was to understand how anxiety impairs efficient inhibition control by assessing neural mechanisms using direct measures (such as ERP parameters) and to correlate this neural measure with the behavioral response. We hypothesized several outcomes. First, anxiety would be correlated with cortical activity in the prefrontal regions (such as the DLPFC) within the MSIT period. Second, higher anxiety would be related to longer latencies of the ERP components and longer response times due to slowed target identification. Third, higher anxiety would be associated with enhanced neural activation in order to achieve a given level of the cognitive task performance.
METHODS
Participants. Nineteen right-handed graduates (10 men and 9 women; mean age 30 years) from the Yonsei University participated in the study. All participants were free from psychiatric or neurological disorders. Data from three participants were excluded because of excessive artifacts in the ERP data, leading to a final sample of 54.
Participants completed the Korean version of the State-Trait Anxiety Inventory (STAI, [26, 27] ) prior to every session.
Multi-Source Interference Task. This task was a modified version of the Multi-Source Interference Task (MSIT, [22] ). Participants were instructed to maintain fixation on the center of a cross presented on the monitor. A pair of face and number stimuli (three digits around the nose area of the emotional face) was presented for 1500 msec. Each pair consisted of three numbers and one emotional face image. Pictures were selected from the FACES 3.3.1 database at the Max Planck Institute for Human Development (MPIB; FACES ID: ssanghee) [28] . The pictures contained a set of images of naturalistic faces of 144 young men with each one displaying one of the following six facial expressions, namely neutrality, sadness, disgust, fear, anger, and happiness. Three digits, two matching and one nonmatching, were presented, and the digit that differed was the target number. Next, a gray screen with the fixation cross was presented for 1500 msec.
Participants completed three sessions that were conducted at the same time of day over the course of three consecutive days. After taking a 10-min break with their eyes open, the task was presented for 3 min to familiarize participants with the protocol prior to the start of the experiment. As illustrated in Fig. 1 , 144 fixation crosses and 144 pictures (6 facial types presented 24 times) were each presented for a period of 1.5 sec randomly during the experiment. The three numbers (e.g., 1, 2, and 3) were presented randomly against the background of the emotional face. For example, if 232 was presented, the digit 3 would be the target number. Participants were asked to press the target button using a number keypad (made in the laboratory). For each participant, the response time to press the target button was measured. Errors included incorrect key pressing, missed key presses, or a response time > 1500 msec.
EEG Recording and Data Reduction. EEG was continuously recorded for each participant during the task. Recording electrodes were positioned according to the international 10-20 system of electrode placement, including the earlobes. A ground electrode was placed on the back of the neck (Iz), whereas reference electrodes were placed on the right and left ears (A1+A2). The use of two linked earlobes as a reference conceptually provides a virtual reference site in the middle of the head. The use of symmetrical reference sites provides avoiding bias recordings toward activity in one hemisphere [29] . Eye movement artifacts were corrected using the ICA algorithm. All electrode impedances were below 5 kΩ. The EEG signals were amplified using a Biopac MP150 TM system, band-pass filtered (0.1-100 Hz), and digitized at a sampling rate of 1000 sec -1 . The high-pass and low pass filters for EEG signals were set to 0.5 and 100 Hz, respectively. The 60 Hz notch filter was continuously in use. Values of the amplitudes of ERP components were obtained by stimulus-locked averaging from 0 to 1000 msec after baseline correction.
Primary ERP analysis was focused on the P100 and P300 components. The P100 is sensitive to visual spatial attention toward emotional faces [30] , and the P300 component is associated with number identification because this component is closely related to the selective attentional requirements of target identification [31] . Thus, the P100 (100-200 msec) and P300 (250-450 msec) components were compared by analyzing the mean amplitudes and peak latencies of these waves at the F3, F4, Cz, and Pz positions after stimulus onset.
Statistical Analyses. To test DLPFC and ACC involvement related to attentional inhibitory control during MSIT, Pearson's correlation analysis between P100 and P300 components was performed. To test the effects of anxiety on attentional inhibitory control, the dependence between ERP parameters and anxiety state was estimated using multiple regression where the relationships of the state of anxiety (STAI score) to each of the P100 amplitude, P300 amplitude, P100 latency, and P300 latency at each position (e.g., F3, F4, Cz, and Pz) were examined. Also, to determine the relationship between ERP indices and behavioral responses, the relationship between the response time with the face type presented and ERP parameters was tested using multiple regression analysis. Multiple regression analysis was also used to examine the relationship between ERP responses and the number of errors. All statistical analyses were carried out using SPSS 16.0 (SPSS Inc., USA).
RESULTS
ERP Responses to the Multi-Source Interference Task. Attentional control has been mentioned as an available mechanism that may mediate difficulties in disengagement of attention from a threat or emotional distracter [1] . Two stages of information processing, automatic and strategic, are required under such conditions [32, 33] . Automatic processing refers to processing that occurs without intent, control, or awareness, whereas strategic processing refers to that which is intentional, controllable, and dependent on awareness. The MSIT requires combined information processing (both automatic and strategic) with respect to the facial expression (automatic) and target identification (strategic).The ERP responses at presentations of target numbers and facial expressions are shown in Fig. 2 . Because facial expression receives high attentional priority, the early-emerging P100 peak appears to be related to presentation of the task-irrelevant facial expression, while the later-emerging P300 peak appears to be associated with identification of the target number.
ERP Responses and Attentional Inhibitory Control Influenced by Anxiety. The purpose of this analysis was to determine: (i) whether the MSIT is a valid task for assessing emotion-related attentional inhibitory control, and (ii) whether the ERP P300 component specifically reflects emotionrelated attentional inhibitory control related to the anxiety level. The DLPFC and ACC may be neural mechanisms responsible for difficulties in disengaging attention from an emotional distracter. Table 1 shows the correlation between parameters of the P100 component to facial expression and those of the P300 component related to target identification. The P100 amplitudes and latencies at F3 and F4 demonstrated positive correlations with the P300 latencies at all positions. The F3 and F4 sites correspond to the DLPFC area. In addition, this result shows that the greater the neural activation induced by facial expression, the greater the ERP latency related to target identification. To test whether the ERP latency to the target number predicts inhibitory control related to anxiety under MSIT conditions, multiple regression analysis was performed using a backward method, where the P100 and P300 latency at each position (in particular, F3, F4, Cz, and Pz) served as predictors, and the STAI score served as the dependent variable. If the relationship between the ERP latency in the DLPFC region (at F3 and F4 leads) and the anxiety level is significant, the MSIT could be regarded as a valid task. In particular, the P300 latency could be a neural factor that reflects the delay in target identification, suggesting that anxiety-related executive control failed to inhibit attention to task-irrelevant face images. The results showed that higher anxiety was associated with increased awareness of task-irrelevant faces (Table 2a) , and that participants with a longer P300 latency in F3 and a shorter P300 latency in F4 reported higher anxiety levels (Table 2b) . The regression models of the P100 (F = 15.285, df = 1, P < 0.001) and the P300 (F = 6.452, df = 3, P = 0.001) latencies were both statistically significant, while the Cz latency of the P300 component did not reach the statically significant level (P > 0.05). Negative (although weak) correlation between the P100 Pz latency and the STAI was observed (r = -0.195), suggesting that the higher the anxiety state, the shorter the P100 latency at Pz, indicating faster processing of emotional face images.
Additionally, the relationships of the F3 latency (r = 0.250) and F4 latency (r = -0.210) with the STAI score were also significant. Thus, the correlation coefficient for the F3 latency was positive, indicating that the longer the F3 latency, the higher the STAI score. At the same time, the coefficient for the F4 latency was negative, suggesting that the shorter the F4 latency, the higher the STAI score. Thus, opposite characteristics of the P300 latency in two DLPFC regions were associated with higher anxiety. Consistent with predictions, the MSIT could be used to evaluate the association between neural activation in the DLPFC area and the state of anxiety.
Behavioral Responses Related to Attentional Inhibitory Control. Behavioral data were analyzed to determine whether a longer ERP latency is accompanied by slower target identification. We analyzed the relationship between the ERP latency and response time to target identification. Additionally, we tested a supposition that the type of facial expression used as a distractor would affect target identification. Multiple regression was used for averaged values of the response time as the dependent variable and the F3, F4, Cz, and Pz latencies of the P300 component as predictors. The averaged response time was defined as the mean of the response times to all types of target trials, regardless of the type of facial expression. The regression model of the P300 latency (F = 7.629, d = 1, P = 0.008) was significant. There was a rather strong positive correlation between the P300 F3 latency and average response time (r = 0.703), indicating that the longer the P300 F3 latency, the greater the average response time.
The response times in negative facial expression trials were compared with those in neutral and positive facial expression trials. We tested whether the response time to the type of facial expression affected the P300 F3 Table 3 , all regression models were significant. Correlations of the F3 and F4 latencies with the response time were positive, indicating that the longer the F3 and F4 latencies, the slower the response performance. Interestingly, the P300 F3 latency significantly correlated with the average response time for negative facial expression trials such as annoyance, disgust, and fear. In contrast, the P300 F4 latency was not significantly associated with the response time in any of the trial types. Also, the P300 F4 latency significantly correlated with the average response time to facial expressions such as smiling, neutrality, and sadness, while correlation of the P300 F3 latency was insignificant. These results appear to be related to the lateralization of the neural responses in the DLPFC region according to the facial expression type. We focused on analyzing the F3 latency because interference effects of negative facial expressions compared to those of neutral or positive ones were greater for individuals with high anxiety. Finally, this result indicated that longer P300 F3 latencies were related to anxiety and associated with longer response times suggesting slower target identification. ERP Activation Effect on the Processing Efficiency. The processing efficiency theory argues that higher anxiety is associated with the reduced performance efficiency during a demanding task, with more efforts and resources being expended to avoid actual decrements in the effectiveness or accuracy. At the neural level, the attentional control theory predicts that high anxiety will produce increased prefrontal cortical activation in order to achieve a given desirable level of the cognitive task performance. We examined whether high anxiety is associated with greater cerebral activity.
Multiple regression analysis was performed using the STAI score as the dependent variable and the F3, F4, Cz, and Pz amplitudes of the P100 and P300 components as predictors. The regression model for the P100 amplitude was clearly not significant (F = 1.010, d = 2, P = 0.371), but the analogous model for the P300 amplitude was rather close to the level of significance (F = 2.511, d = 2, P = 0.091). Table  4 shows that the effects of anxiety were associated with conflicting characteristics of the amplitude at the F3 and F4 positions. The correlation coefficient for the F3 amplitude was negative, suggesting that the lower the F3 amplitude, the higher the STAI score. At the same time, the coefficient for the F4 amplitude was positive, indicating that the greater the F4 amplitude, the higher the STAI score. Thus, the opposite characteristics of the P300 latency were associated with higher anxiety in the DLPFC region of two hemispheres.
Finally, these results showed that higher STAI scores were associated with the ERP pattern having longer latencies and lower amplitudes at F3, whereas higher STAI score was associated with the shorter latency and greater amplitude of ERP component at F4.
The Performance Effectiveness and Anxiety. We also tested whether anxiety could adversely affect the performance effectiveness. The latter index was defined as the number of errors, which included cases where the participant responded to the wrong target, did not respond at all, or responded with a delay longer than 1500 msec. We examined whether the ERP latency to the target number predicted the smaller performance effectiveness. Multiple regression was estimated using a backward method of selection where the number of errors served as the dependent variable, and values of the P300 latency at each position (F3, F4, Cz, and Pz) were the predictors. In addition, single regression was calculated where the error count was the dependent variable, and the STAI score was the predictor.
The multiple regression model of the P300 latency (F = 1.450, d = 2, P = 0.244) and the single regression model of STAI score (F = 0.006, d = 1, P = 0.939) were both insignificant. These results indicate that the level of anxiety does not considerably affect the performance accuracy under MSIT conditions. The regression analyses also showed that the state of anxiety does not affect the performance effectiveness.
DISCUSSION
The goal of our study was to elucidate whether high anxiety impairs attentional inhibitory control and processing efficiency during the MSIT using ERP and behavioral response measurements. A few findings relevant to the initial hypotheses did emerge. First, our results indicated that the MSIT can be used as a valid technique for assessing emotionrelated attentional inhibitory control related to anxiety. Second, the results also showed that the anxiety level is specifically associated with the ERP P300 latency in the DLPFC region. Higher anxiety was related to a longer latency of this wave at F3 but to a shorter latency at F4. Third, our results showed that the response times were different according to the type of the facial expression image used as a distracter in such a way that the response time to negative facial stimuli (e.g., annoyance, disgust, and fear) was affected by the P300 latency at F3, whereas this time to other face stimuli (e.g., neutral, smile, and sadness) was affected by the P300 latency at F4. Finally, the results showed that anxiety is oppositely associated with the ERP P300 amplitude in the DLPFC region. Higher anxiety was related to lower amplitude at F3 but to a greater amplitude at F4. In previous studies, several different tasks (e.g., antisaccade, visual search, emotional spatial-cuing, and dot probe tasks) were used to assess the effects of anxiety on inhibition of distracting stimuli [7, 12, 13, 15, 16] . These studies showed that highly anxious vs. less anxious individuals showed clearly impaired inhibition control and lower processing efficiency. However, the tasks used could not be claimed as process-pure ones that primarily reflect a single underlying process [34] . In our study, we used the MSIT [22] , a technique that was not used previously to assess the effects of anxiety on inhibition of distracting stimuli. A task that required the interplay of emotions and attention to measure emotion-related attentional inhibitory control was needed in order to directly test any relationship between the above control and the anxiety level. Ebner [25] showed that the MSIT can measure interference effects of task-irrelevant faces on target numbers. This study, however, did not examine neural responses on the interference effects of task-irrelevant faces and on the target number.
Classical neurocognitive models of executive attentional control implicate the lateral PFC (DLPFC and VLPFC) and ACC in executive attentional control and, particularly, in the allocation of resources during conflicting or distracting situations [17] [18] [19] . If a significant neural response is present within the DLPFC and ACC areas during the MSIT, the task can be considered valid for measuring inhibition control of distracting stimuli. We found that the parameters of P300 at F3 and F4 in the DLPFC are related to the anxiety state. Thus, the MSIT is a rather valid method.
It is important to assess attentional processes as precisely and directly as possible in research on anxiety and performance. In previous studies, inhibition control and processing efficiency were examined only indirectly, by behavioral measures. Ansari et al. [12] showed that anxiety impairs attentional inhibitory control; the authors measured the latency of eye movements under distracting conditions. High-anxiety compared with lowanxiety individuals showed longer latencies of eye movements to the target. It was also found [13] that angry facial expressions were detected faster in a crowd of happy expressions, whereas happy faces were the slowest to be detected in a crowd of angry faces. Further, Fox et al. [15, 16] found that individuals in a high-anxiety state needed a significantly longer time to disengage attention from an angry face in an emotional spatial-cuing task compared to those with low anxiety. In general, these studies showed that higher anxiety leads to slower processing when trying to identify a target. In our study, the later-emerging P300 component was found to be associated with the number of correctly identified targets. If the latency of the P300 component is greater, it may be interpreted as slower identification of the target number. Interestingly, we found that higher anxiety estimates positively correlated with longer P300 latencies at F3 (left DLPFC) but not at F4 (right DLPFC), where shorter latencies of P300 were observed. The results appear to indicate lateraliztion of neural responses in the DLPFC region during the MSIT.
In several studies, it was also suggested that high anxiety slows down target identification [9] . The ERP latencies were found to correlate with the response time in the flanker task [35] . The relationship between neural responses assessed by ERPs and the response time provides clearer evidence of the relationship between anxiety and cognitive processing. Longer ERP latencies may be related to slower target identification and may consequently lead to longer response times. We, when trying to determine whether the longer ERP latency is accompanied by slowed target identification, analyzed the relationship between the ERP latency and response time and found that longer F3 and F4 latencies were associated with longer response times. We specially tested whether the type of facial expression used as a distracter affects target identification. The relationships between the F3 and F4 latencies of P300 and response times showed that the latter in the case of negative face distracter types (e.g., annoyance, disgust, and fear) were related only to the F3 latency, while this time at other face distracter types (e.g., neutral, smile, and sadness) was related exclusively to F4 latency. These results suggest that neural responses at the left DLPFC are closely related to the behavioral responses when negative facial expressions were presented. These neural responses reflect the difficulty in disengaging attention from the negative face distracter. The latency of P300 at F3 positively correlated with the response time. Thus, the latency of P300 at F3 may be a manifestation of emotionrelated attentional inhibitory control related to anxiety, and this parameter reflects impaired inhibition control.
The attentional control theory [1] suggests that high anxiety impairs the processing efficiency to a greater extеnt, as compared with the performance effectiveness. Several studies showed that high anxiety is associated with greater cerebral activity [36, 37] . Enhanced neural activation was assumed to reflect the use of greater efforts and/or resources as a compensatory strategy to achieve an adequate level of performance. However, trait anxiety is also associated with reduced DLPFC involvement when trying to inhibit distracter processing under conditions of low perceptual loading in the absence of a threat [9] . In our study, we found a slightly significant relationship between the anxiety level and the amplitude of P300 at F3 and F4. The reduced P300 amplitude at F3 and enhanced P300 amplitude at F4 are related to higher anxiety. When examining the response time and P300 latency related to anxiety in the left DLPFC (F3), we found that the anxiety state is associated with reduced and delayed neural activation in the left DLPFC, reflecting decreased attentional inhibitory control. The result is consistent with Bishop's findings [9] .
We also investigated the adverse effects of anxiety on the performance effectiveness. The latter was measured as the number of errors during the MSIT. However, regression analysis showed no significant influence of the anxiety state on the performance effectiveness. Anxiety did not affect the performance accuracy, possibly due to the level of perceptual loading. There was a very low error rate across all participants, indicating that this task was relatively easy to perform due to a low perceptual loading. If so, the low base rate of errors may have precluded an adequate test of the relationship between the performance effectiveness and anxiety.
Notwithstanding these limitations, the results of our study allow us to suggest that anxiety impairs emotion-related attentional inhibitory control in the DLPFC region, which was reflected in longer P300 latencies and lower P300 amplitudes at F3 and a longer response time to emotionally negative faces. The present ERP finding can help to improve our understanding of neural mechanisms involved in the effect of anxiety on the central executive functions and, in particular, on attentional inhibitory control. Further, these findings may be used as an index to assess the cognition performance for clinical and nonclinical anxiety disorders. We believe that future studies will examine whether these ERP findings extend to trait anxiety and state of anxiety.
